A pyritic coal mine spoil was leached with simulated precipitation that was adjusted to pH values of 5.6, 5.0, 4.6, 4.2, and 3.8. Each mine spoil column contained 1500 g of recently dug, extremely acid mine spoil material. After being brought to field capacity (32 %by weight) with distilled water, 3 replicates of spoil were leached weekly using simulated precipitation at each pH level with a volume equivalent to 2.54 cm depth, and leachates were collected and analyzed. After 94 I-week leaching and drying cycles, the spoils released approximately 3.6 g Fe, 35 g SO 4 , 0.6 g Al, 1.5 g Ca Kg· 1 and smaller amounts of other elements. Patterns of release changed during the 94 weeks. Early in the study, sums ofleached Fe and Ti showed significant differences among precipitation pH treatments. At the midpoint of the study, sums of leached Al, Ti, and Cr showed significant differences among treatments, but Fe did not. After 94 weeks, only the sums of leached Al, P, and Cr were significantly different among treatments. Leachate of all treatments was consistently about pH 2.1 for most of the 94 weeks, but it rose to about pH 2.3 near the end of this period. These results suggest that fresh spoil quickly contributes readily available ions to groundwater leachate. The pH of incident precipitation significantly affects leaching losses of some elements from mine spoils.
Introduction
There has been increasing concern as well as controversy regarding the effect of acid deposition on terrestrial ecosystems, especially on surface mined areas in which ameliorative treatments are unlikely (Krug and Frink 1983; Likens et al. 1989) . Neutralization of acid deposition is necessary to prevent acidification of streams and ground water, and creation of elevated, dissolved Al, Fe, and Mn concentrations that are toxic to fish and other animals and plants. Determining the effect of acid precipitation on strip mine spoil is a complex problem because of the heterogeneous composition of the spoil parent material.
Precipitation percolating through mine spoil dissolves and transports a variety of materials in the leachate water (Doepker 1988) . The dissolved constituents may remain on-site and become part of the ion balance of soil water and eventually affect plant establishment and growth. The dissolved material also can have off-site effects, either . through addition to groundwaters, or by addition to surface runoff from the area. When the percolate enters the swface water system, it may be called mine drainage, or, if acidic, acid mine drainage.
Mine drainage is often severely contaminated, but the contaminant concentration can vary widely among different sources. Watzlaf (1988) worked with several mine waters with pH values as low as 2.0 and iron concentrations ranging from 7 to 7,000 mg L1. In general, contaminant concentration increased as pH declined. Mine drainage is often contaminated, but the water chemistry tends to be consistent with time (Halverson and Wade 1988) .
In each of the studies of natural mine drainage or leaching, attention has centered on leachate chemistry rather than on the properties of the water used to leach the spoil. This procedure assumes the acid and contaminant potential in the spoil is so great that precipitation chemistry would not be important. In this study, a leaching liquid with a chemistry similar to natural precipitation and a pH adjusted to the range normally expected in rainfall was used. The objective was to determine if the chemistry of the leaching water, primarily pH, affected the leachate after the water percolated through a mine spoil.
Materials and Methods

Leaching Materials
Leaching solutions were based on distilled water to which reagent-grade chemicals were added to approximate the composition of natural rainfall. The compounds used to approximate rainfall chemistry and the mass of each chemical used are given in Table 1. Table 2 lists the ion concentration of the leaching material rather than compound concentration. Solution pH was adjusted to treatment levels by controlling the mass of sulfuric and nitric acids used in the formulation.
Spoil Materials
Fresh spoil material was collected from an active coal mine in southcentral Kentucky. The material was derived from shales located immediately above the coal. The spoil was acidic and contained significant amounts of pyritic sulfur (see Table 3 ). The high values for potential acidity are similar to values from other Appalachian spoils (Ammons and Shelton 1988) . The comparatively high values for organic carbon and sulfur indicate the presence of coal wastes in the spoil material. The acid base account suggests that leachate from the spoil should be quite acidic.
Experimental Design
The spoil material was sieved ( < 2 mm) to remove coarse fragments and was mixed well according to accepted procedures (Sobek et al. 1978) . The mixed material was placed in 16 separate polyethylene leaching cylinders (10.4 cm diameter, 20.3 cm in length) and retained by an inert fiberglass mat at the bottom of each cylinder. Leaching columns were chosen over alternative methods because the technique has been shown to be the most representative of field conditions (Caruccio and Geidel 1986) .
After each column was filled with 1.5 Kg-1 of spoil, 15 cylinders were randomly assigned to 5 treatments in groups of 3 replications per treatment. The remaining cylinder was used to check the response of spoil material to an initial leaching with unmodified distilled water at a pH of 6.5. Spoil in each treatment column was brought to field capacity with distilled water.
Treatments
The treatments consisted ofleaching the material with artificial precipitation adjusted to pH 5.6, 5.0, 4.6, 4.2, and 3.8. Each of the 3 replications was irrigated at weekly intervals with 2.54 cm of water and allowed to drain freely. Leachate water from each column was collected in a new polyethylene Page 88 bottle each week, and analyzed the following day. Treatments began on August 11, 1988, and continued until June 17, 1990 , for a total of 94 weeks. The treatment columns were covered with a watch glass during the 6-day period between irrigations to prevent excessive drying of the spoil. Although the columns were protected, the seal was not complete; so, many spoil pores drained and a definite drying cycle was established with air introduced into each column between leaching treatments. Approximately 50 ml of solution was required to restore the spoil to field capacity prior to leaching. Channel formation in the sample was prevented during percolation by a second fiberglass pad used to distribute the irrigation water over the spoil surface. Also, the columns were rotated each week. Treatment columns were located in a climate controlled area to remove any effects of temperature changes.
Chemical Analyses
The leachate samples were taken to the USDA Forest Service laboratory immediately after collection, and analyses were normally performed the next day. Each leachate sample was subjected to a thorough analysis using standard methods and appropriate reference standards (see Table 4 ). Data analyses were captured in a data file and formatted for statistical analyses with a computer system dedicated to laboratory control.
Statistical Analyses
Data analyses were accomplished by utilizing various statistical subroutines (Wilkinson 1988) . The primary method utilized was an analysis of covariance. Covariance techniques were used to evaluate the effect of treatment pH while removing the effect of the sequential leachings. The effect of sequential leaching was isolated by using both week number and log week number as covariates. This technique identified both linear and curvilinear week effects. The model expressed each variable as a function of a constant, the treatment, log of the week number, the interaction, and error. Interactions, when significant, suggest that coefficients for slope are due to treat- Factor analysis procedures were used to identify groups of contaminants that responded to the treatments in a similar fashion. Factor analysis does not identify the factors causing the response, but can be used to suggest reasons for an observed result. Factor analysis is not based on a model. Analysis of variance (ANOV A) was used to determine statistical difference among means due to treatment.
Results and Discussion
Mean loads of ail chemical constituents in leachates from a toxic strip mine spoil decreased significantly with sequential, simulated acid-rain irrigations (see Table 5 ). The leachate chemistry with fresh distilled water was compared periodically with percolate from leaching_ with simulated acid-rain at various acidity levels. The results for the major potential phytotoxic chemical factors do not indicate a highly statistically significant difference among simulated acid-rain treatments, but they do illustrate that significant changes occurred with each leaching. Concentrations of leachate chemical components consistently declined. Other parameters, including the control samples, except pH, also declined in concentrations as a result of sequential leaching with simulated acid-rain irrigations. Patterns of release changed during the 94 weekly leaching cycles. They illustrated a pattern of high output early in the leaching cycle, followed by declining values for succeeding weeks during the first year (Halverson et al. 1990 ). Thereafter, much smaller declines occurred in chemical composition with each additional leaching.
The leachate mean pH values averaged over 94 weekly applications of simulated acid-rain did not decrease with decreasing solution pH (see Table 6 ). All leachate pH values were considerably less than the pH of the solutions applied. Lilieholm and Feagley (1988) found the leachate pH values of soil (Struthers 1964) . The lowest leachate pH value was found for the first application of simulated acid-rain solution (see · Table 5 ). The pH of the leachates showed little variation with successive leachings and was not responsive to the acidity ofirrigation solutions during thefirstyear. ThepHoftheleachate foralltreatments began to rise gradually with successive leachings during the second year. Leachate pH values were not responsive to acidity of the irrigating solutions but to mine spoil andleachate chemistry.
Mean leachate electrical conductivity (EC) was significantly influenced by leaching solution pH. The pH 4.6 solutionhad the highestleachate EC value and the5.6pHsolutionthelowestvalue(seeTable6). This relationship was obtained throughout the greaterpart of the experiment. A maximum release of ions occurred from spoils receiving the 4.6 pH leaching solution. The pH 4.6 leaching solution produced the greatest EC and the lowest mean pHleachates.
Mean Al concentrations were significantly affected by leaching solutions pH. The4.6pH solution produced the highest concentration of Al in the leachates. These responses correlated well with Fe, EC, and leachate pH, and indicate steady mineral dissolution. However, smaller concentrations of Al, Fe, and acidity occurred with the pH 3.8 leaching solution. ThesefactorssuggestthatminespoilpHmay be lowered by leaching with solutions below pH 5.6 or by acid-rain. Also, mine spoil mineral and chemical composition and weatheringpropertiesarecontributing factors to leachate chemistry. All leachates contained sufficient concentrations ofheavymetals and soluble salts to create po ten ti ally toxic conditions, so they would be classified as phytotoxicant for most organisms.
Mean loads of all chemical constituents in mine * Column means with the same letter are not significantly different using Duncan's multiple range(0.05).
spoil leachate increased significantly as the acidity levelincreasedinsimulatedacid-rainsfrompH5.6to 4.6. Total dissolved solids, (TDS), decreased with leaching solutions less than 4.6 pH (see Table 7 ). After94 weekly leachings with2.54 cm of simulated acid-rain at a pH of 4.6, the spoil released approximately 35 gofsulfate,3.6 gofiron,0.6gAl, 1.5 gCa, andsmalleramountsofotherelementsperkgofmine spoil. Approximately 42 g of total dissolved solids per kg of spoil were released. Patterns of release of the chemical constituents changedduringthe94weeks.Earlyinthestudy,sums ofleachedNa,Al,Fe, Ti, Mn, andP showed significant differences among simulated acid-rain treatments. At the midpoint of the study, sumsofleached Al, Ti, and Cr showed significant differences among treatments, butirondidnot After94 weeks,Al,P, Cr, and TDS were significantly different among treatments. The companioncontrolsamplesleached with fresh distilled water (pH 6.5) showed asimilardeclining pattern, but the absolute values of chemicals leached were always slightly lowerthan those derived with acidifiedleachingmaterials (see Table 7 ). Except for the control leach material at pH 6.5, lower pH levels of 5.6 and below, all seemed to accelerate leaching of contaminants from the spoil, with a peak efficiency when the leaching solution was at a pH of 4.6. Leachates from all treatments were consistently about pH 2.1 for most of the 94 weeks, but it rose to about2.3neartheendofthisperiod. Allleachateshad -------- lower mean pH and higher mean acidity levels than the leaching solutions.
Conclusions
These results imply that fresh spoil quick! y contributes readily available ions to groundwater leachate. The materials in the leachate are produced by weathering of rock and minerals in the spoil after repeated leaching with simulated acid-rain. The large amount of SO 4 , Fe, Al, Mn, and TDS removed by leaching could contaminate and produce phytotoxicity in ground or surface water. Nevertheless, it is clear that the hydrologic regime within mine spoil can also affect leachate and ground water chemistry. Acidification by simulated acid-rain depleted the low buffering capacity of the spoil and increased weathering, resulting in leachate pH values lower than the pH of the applied simulated acid-rain. The pH of incident precipitation modestly, but significant! y, affects leaching losses of some elements from mine soils. Further studies in the field and laboratory are needed to fully evaluate the state of spoil (mine soil) -plant -water -environments under the. stress of acid precipitation.
